Abstract: Dynamical behavior in injection-locked lasers without optical isolation between master and slave lasers is investigated. A uniquely new laser theory, that treats the two lasers on equal footing, predicts considerable modification to modulation response.
Fig 1. (Left) Experimental setup for isolator-free injection locking. (Right) Equivalent coupled-laser configuration used in the modeling
On the other hand, the need to treat the two lasers on equal footing significantly complicates theoretical description. Numerical simulations are also more involved because of a drastic increase in the parameter space controlling dynamical behavior. This paper describes an approach for analyzing the consequences of removing the optical isolation between master and slave lasers. Central to the study and new to semiconductor laser modeling is the treatment of the optically-coupled lasers and free space as a combined system. This composite resonator treatment provides a description that is valid for arbitrary coupling (i.e., from complete isolation to totally coupled). Furthermore, it circumvents the long-standing inconsistency involving decoupling the calculations of cavity normal modes and outcoupling losses, which turns out to be important in our problem.
Since transverse effects are not expected to contribute to the enhancement phenomenon, we consider a 1-dimensional geometry, with the arrangement of the different components of the experimental setup described via the permittivity ε(z), where z is displacement along the laser axis. In principle, one should solve Maxwell's equations using the precise ε(z) describing the spatial variations in permittivity from the different material layers making up the DBRs, quantum wells, spacer layers and waveguides. In practice, such a detailed description is unnecessary and our investigation revealed that dynamical response enhancement depends primarily on the linewidths of the resonators, in addition to detuning and coupling between resonators. Based on this finding, we choose the baseline configuration shown in Fig. 1 (right) . The DBR sections are replaced by equivalent, infinitely-thin partiallyreflecting mirrors that are described by dielectric 'bumps' in the permittivity. Detuning between resonators is determined by difference in round-trip optical path lengths, and cavity lifetimes are determined by the reflectivities of end and shared mirrors, where the latter also controls the optical coupling between resonators. The entire coupledlaser device is embedded in the middle of a very large cavity, approximating free space. [3] End results are WB1.2 (Invited) 09:00 -09:30 extrapolated by taking the limit of an infinitely long large cavity. Writing the laser field as a linear superposition of the eigenmodes of the composite-resonator/free-space system, we derived the following equations of motion for the complex mode amplitudes and carrier densities in both lasers: where J res and γ res are the injection current density and distributed optical loss in resonator res, ε b is the background permittivity inside the lasers, ω is the approximate lasing frequency and γ is an effective carrier loss rate from spontaneous emission and nonradiative recombination. In deriving the equations, we use the rate equation and quasiequilibrium approximations. Furthermore, we assume a linear carrier density N(z) dependence of material (local) gain and carrier-induced refractive index, g(z)+ikδn(z)=(1-iα)A[N(z)-N tr ], where α is the linewidth enhancement factor, A is the gain coefficient and N tr is the transparency carrier density. In the limit of operation in a closed, Fabry-Perot resonator, the above equations reduce exactly to the widely-used single-laser rate equations with Γ mn,res →Γδ m,n , where Γ is the mode confinement factor. Figure 2 shows examples of results from numerical simulations using the above theory. They illustrate the appreciable sensitivity of modulation response to experimental configuration. We selected coupled-laser configurations where the individual lasers exhibit some resemblances of master and slave laser behaviors. The curves are obtained by modulating the current to one laser, while operating both lasers above their lasing thresholds. The simulations trace the enhancement of modulation response to the system's ability to generate and support additional frequencies because of spatial hole burning and dynamical bifurcations involving period doubling and perhaps chaos. With spatial hole burning, the fundamental and sideband fields extract gain from different lasers, thus resulting in greater growth of modulation-generated sidebands because of decreased gain competition. Additional frequencies are generated by bifurcations occurring outside the locked region, e.g., period doubling arising from the interaction between nonlinear gain medium and composite-cavity eigenmodes.
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